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Habitat suitability modeling using the software package MaxEnt (Phillips, 
Anderson, & Schapire, 2006) is a popular method for describing the habitat of rare 
species. MaxEnt uses “presence only” data to develop models; however presence data are 
highly skewed towards areas of high detection probability and these areas may not 
represent the full range of habitat use. Thusly, predictions from models developed using 
only data from areas with high detection probability may not represent all suitable 
habitat. This study tested the ability of MaxEnt models developed using three different 
data sets to accurately describe Western Massasauga (Sistrurus t. tergeminus) habitat at a 
local scale. Models were evaluated by their ability to predict high suitability values at 
locations of known snake occurrence. The first model was developed using only presence 
data from areas with the of highest detection probability (i.e. roads). This model was only 
able to identify half of the locations where snakes actually occurred as highly suitable. A 
second model was developed using presence data from one season of radio telemetry and 
road surveys. This model performed well, and when interpreted alongside telemetry 
observations, it indicated that the most suitable habitat for Western Massasaugas in the 
western rolling plains of Texas are areas with level uplands, well-drained loamy, sandy 
soils, with mixed grasses, Sand Sage prairies and mesquite savannahs. A model 
developed using the locations of the snakes’ brumation sites showed that the snake’s 
selected distinct wintering habitat based on the burrowing suitability of the soil.  
1 
Introduction 
Understanding an organisms’ habitat is critical to understanding its role in the 
ecosystem. One way to investigate the factors limiting the suitable habitat of an organism 
is to use species distribution modeling. Species distribution models (SDMs) use statistical 
learning methods to estimate the relationship between a biotic response variable, species 
presence, and a set of environmental predictors (Elith & Leathwick, 2009). When an 
SDM estimated from observed locations of their occurrence is applied to digital maps of 
predictors, a spatial prediction of the response variable can be created (Franklin, 2013). 
Examples include maps of the probability of species presence or habitat suitability 
(Franklin, 2013). A substantial number of papers have been published using SDM 
methods because the wide availability of species presence observations and the necessity 
of these models for conservation planning, risk assessment, and resource management 
(Franklin, 2013; Peterson & Soberón, 2012). 
The MaxEnt software package is the most popular SDM tool due to its ease of use 
and ability to outperform other modeling techniques, especially with small sample sizes 
(Merow, Smith, & Silander, 2013; Phillips & Dudík, 2008). MaxEnt uses “presence 
only” data and a set of environmental predictors within a user defined landscape, divided 
into cells (Merow et al., 2013). MaxEnt makes its predictions by extracting a sample of 
background locations, where presence is unknown, and contrasts them against the 
“presence only” data (Merow et al., 2013). The accuracy and reliability of MaxEnt 
models are likely compromised by species presence observations collected using 
incomplete or biased sampling methods (Fei & Yu, 2016; Phillips, et al, 2006). Due to 
their rarity, difficulty of detection, and inaccessibility, it is impossible to evenly survey 
for many species. Despite these challenges, MaxEnt is often the best available tool for 
extending data from species with less than comprehensive presence observations (Fei & 
Yu, 2016). It is possible to forego the strict sampling assumptions necessary to predict
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probability of presence or abundance and instead interpret MaxEnt’s predictions as a 
habitat suitability model (HSM) (Fei & Yu, 2016).  
Snakes are considered the most difficult reptiles to study due to their secretive 
nature, small size, minimal and sporadic activity patterns, and use of inaccessible habitats 
(Durso et al. 2011). Despite their important roles in the ecosystem as both predators and 
prey, sufficient data to quantify the conservation status of most snakes are lacking 
(Gibbons et al., 2000). Loss of suitable habitat is the driving factor behind the apparent 
decline of many species (Gibbons et al., 2000). To manage this threat, suitable habitat 
must first be identified. MaxEnt’s ability to produce habitat suitability models using 
small sample sizes of “presence-only” data makes it an appealing tool for studying the 
habitat use of these difficult to find animals. However, due to snakes’ secretive nature, 
presence data is subject to a high degree of detection bias which may skew the model.  
The Western Massasauga (Sistrurus tergeminus tergeminus) is a small rattlesnake 
(46-66 cm), that occurs in grasslands throughout Texas, Oklahoma, Kansas, and portions 
of Missouri, Nebraska and Iowa (Conant & Collins, 1998). It is an ambush predator that 
primarily feeds on small mammals and reptiles (Holycross & Mackessy, 2002). Radio 
telemetry studies on Western Massasaugas in Nebraska and Desert Massasaugas 
(Sistrurus t. edwardsii) in Colorado indicate that this species is more active in the spring 
and fall and selects specific habitat types for brumation (Mackessy, 2005; Patten et al. 
2016). In Nebraska and Missouri the snakes utilize grasslands and even some wooded 
areas during the summer, and brumate in crayfish burrows in saturated soils during the 
winter (Patten, Fogell, & Fawcett, 2016b; Seigel, 1986). In Colorado, Desert 
Massasaugas spend the summer in mixed grass prairies with sandy soils, and brumate in 
rodent burrows in short grass prairie with clay compacted soils (Mackessy, 2005). It is 
presumed that the snakes brumate in these areas because the soils provide more suitable 
insulation and structure (Mackessy, 2005). These studies provide useful insight, but a 
spatial ecology study in Texas is necessary because what is indicative of suitable habitat 
for one population may not be consistent across its broad geographic range. Information 
on Western Massasauga habitat in Texas is scarce and primarily comes from road surveys 
where they have been observed to live in both short and tall grass prairies and associated 
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with mesquite, juniper and overgrazed grasslands (Werler & Dixon, 2000). Unlike 
Western Massasaugas in Missouri and Nebraska, in Texas this species is not known to be 
associated with wetlands (Patten et al., 2016b; Seigel, 1986; Werler & Dixon, 2000)., 
Although once common in the state, Western Massasaugas are declining in Texas, due to 
the same threats that affect the Desert Massasauga (Werler & Dixon, 2000). These threats 
include habitat fragmentation and degradation due to livestock overgrazing, conversion to 
agriculture, and urbanization, as well as road mortality, and human persecution 
(Mackessy, 2005; Werler & Dixon, 2000).  
In this study, radio telemetry and habitat suitability modeling methods (HSM) 
were combined to better understand the spatial ecology of a population of Western 
Massasaugas in the Texas Panhandle. The primary objective of this research was to 
evaluate the ability of an HSM created using only data from areas of high detection 
probability (roads) to identify the full spectrum of habitat use. Detections during road 
surveys provided only a “snapshot” of habitat use, while radio telemetry detections 
allowed for the observation of season-long trends in habitat use. Additionally, all radio 
telemetry and road survey detections were combined to create an “all detections” model 
that was more representative of total habitat use and less influenced by spatial and 
seasonal detection biases. Lastly, a brumation site model was created and compared to 
the “all detection” model to determine whether the snakes were selecting distinct habitat 
types to overwinter in. Model performance was assessed by extracting the predicted 
habitat suitability values at 1420 points of known snake presence as well as the locations 
of 12 brumation sites. Models were evaluated under the assumption that high performing 
models would more frequently assign high habitat suitability values to snake detection 
locations than low performing models. A good model was defined as having predicted 
high habitat suitability values at the majority of locations where snakes were detected.  
 Materials and Methods  
Study Site 
Matador Wildlife Management Area (MWMA) is located in Cottle County, 
Texas. It is managed by the TexasParks and Wildlife Department for the purposes of 
hunting, wildlife management,and research (Ruthven, 2002). Cattle grazing at MWMA is 
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managed to meet the needs of ranchers and maintenance of ecosystem integrity (Ruthven, 
2002). The property is divided into pastures connected by a network of packed dirt roads, 
which allow access to the entire site (Figure 1).  
The Matador WMA receives an average of 56 cm of precipitation a year 
(Ruthven, 2002). The 11,405 ha area lies at the junction of the Southwestern Tablelands 
and the Central Great Plains and includes topographic characteristic of each (Griffith et 
al. 2007). The western two thirds of the area is dominated with steep canyons, 
escarpments, rounded badlands, and dissected breaks along the Middle Pease River 
(Griffith et al., 2007). These rough areas are covered with a mix of Red Berry Juniper 
(Juniperus pinchotii) and Honey Mesquite (Prosopsis glandulosa). The areas east of the 
confluence of the Middle Pease River and Tongue River are primarily level to gently 
rolling plains covered in mixed grass prairie, mesquite savannah, and Shinnery Oak 
(Quercus havardii) rangelands (Griffith et al., 2007). 
Snakes were not actively searched for outside the confines of MWMA but some 
individuals moved onto private property south and east of the area. The same patterns of 
vegetation and topography extended onto the ranch south of MWMA. The properties to 
the east of MWMA were flatter and a large portion was utilized for agriculture.  
Radio Telemetry 
 Western Massasaugas were primarily located during evening and night time road 
surveys as well as incidental encounters while driving and walking during the day (Table 
1). Between May and October, 25 snakes were implanted with radio transmitters using 
methods described by Reinert and Cundall (1982), with 7 snakes having their transmitters 
replaced during that time (Table 2). Three models of transmitters of varying mass (1.85 g 
– 8.5 g) were used but none of which exceeded 5% of the snakes mass (Table 2). 
Surgeries between May and July were conducted with surgical tools that were disinfected 
with chlorohexidine. Snakes were anesthetized by delivering an isoflurane soaked cotton 
ball into a Perspex snake tube with the animal and removing it once the snake lost all 
muscle tone. These methods resulted in several mortalities, during that period (Table 2). 
Starting in July, autoclaved tools and an isoflurane vaporizer were used and snakes were 
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only given isoflurane until they lost their righting reflex. There were no known additional 
mortalities.  
 Snakes were detected using telemetry as frequently as possible, generally every 
other day. Once detected, a GPS unit (Garmin
®
 eTrex) was used to record latitude and 
longitude. Cover, vegetation, and tree canopy type were recorded at each detection. 
Cover type was defined as the structure the snake was hiding in and was divided between, 
vegetation, burrows, logs, or none. Vegetation type was plant habitat the snake was 
directly located in and was categorized as either grass, mixed grass and forbs, forbs, Sand 
Sage (Artemisia filifolia), yucca (Yucca sp.), cacti (Opuntia sp.), Shinnery Oak (Quercus 
havardii), or none. Tree canopy type was defined as the tree type directly vertical from 
the snake, and was categorized as either mesquite, willow (Salix sp.), other, or none.  
 100% minimum convex polygons (MCP), 95% kernel density (KD) activity 
range, and 50% KD core activity range were calculated for snakes with >40 radio 
telemetry tracking days. The MCP was calculated using ArcGIS (Version 10.3). The 95% 
and 50% KD was calculated using the PLUGIN method with Geospatial Modelling 
Environment (Version 0.7.4.0). Habitat availability was defined as the amount of each 
habitat type, derived from environmental variable layers, within the combined MCPs of 
all the snakes. Relative use was defined as the proportion of detections of transmittered 
snakes within that habitat type. Relative preference/avoidance was calculated by 
subtracting the relative use of each habitat type from the proportion of the each habitat 
type available. Habitats that were used proportionally more than they were available were 
considered to be preferred. Habitats that were used proportionally less than they were 
available were considered to be avoided. 
Habitat Suitability Modeling 
MaxEnt was used to build three habitat suitability models from different Western 
Massasauga detection datasets: 1) The road detections only model (RHSM) was used to 
identify suitable habitat based solely on observations from areas of high detectability, 2) 
the all detections model (AHSM) was developed with all detections from road surveys, 
opportunistic encounters, and radio telemetry and was used to identify suitable habitat 
using a dataset that is representative of the snakes’ overall habitat use, and 3), the 
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brumation site model (BHSM) was developed using the locations where snakes chose to 
brumate (overwinter) and was used to identify the characteristics of suitable brumation 
habitat.  
Environmental variable layers used by the HSMs were developed using ArcGIS 
(Version 10.3). Seven environmental layers were included in the HSMs; aspect, slope, 
burrowing mammal and reptile suitability, Ecological Site, hydric soils, hydrology, and 
vegetation (Table 3). The spatial extent of each layer was restricted to size of the smallest 
environmental variable layer (vegetation, 38,094 ha). Ecological Sites is a term providing 
a framework for classifying rangeland soils and vegetation by their unique combinations 
of soil, hydrologic and vegetative characteristics. Burrowing mammal and reptile 
suitability is a defined by dominant soils wetness, sodium and salt content, surface 
texture, pH, ponding, slope, permeability, and organic matter content. All layers were 
used in the initial run of each model and removed in a stepwise fashion. If an 
environmental variable’s test gain was negative or contributed to less than 5% of the total 
test gain it was removed from the model. This made the model more parsimonious while 
increasing the overall test gain. The variables used in the final version of each model are 
listed in Table 9.  
Prior to input into MaxEnt, environmental variable layers were set to a cell size of 
5 m X 5 m, projected to NAD 1983 UTM zone 14, and converted to ASCII files. 
Detection data was also projected to NAD 1983 UTM zone 14. To counteract effects of 
spatial autocorrelation in the RHSM and BHSM all detection points that were <1 km 
from each other were removed using the R package spThin (Aiello-Lammens, Boria, 
Radosavljevic, Vilela, & Anderson, 2015). Road detection points were thinned from 37 to 
9. Brumation site detection points were thinned from 12 to 5. Test data for the RHSM and 
BHSM were generated by setting run type in MaxEnt to the “leave-one-out” or n-1 
crossvalidation method, where n is the number of observations. This method was selected 
to accommodate the relatively low sample sizes used to generate the HSMs (Pearson, 
Raxworthy, Nakamura, & Townsend Peterson, 2007). Spatial autocorrelation along with 
further sampling bias was corrected for by only using one GPS point per grid cell. All 
other MaxEnt setting were set to default. For the large dataset (1420 detections) used for 
the AHSM, the “leave-one-out” method was not appropriate because each individual 
7 
detection carries less weight than in a smaller dataset. Instead, 80% of detections were 
used as training data and 20% of the detections were used as test data. A kernel density 
bias file with a cell size of 5 x 5m was used to reduce the effects of spatial auto 
correlation inherent in radio telemetry detection data. This bias file reduced the predictive 
power of detections in close proximity to each other. 
Model fit was measured using the gain statistic. Gain is a likelihood (deviance) 
statistic that measures the model performance compared to a model that assigns equal 
habitat suitabilities to all areas of the landscape. Taking the exponent of the final gain 
gives the (mean) probability of the presence sample(s) compared to the pseudoabsences. 
For instance, a gain of 3 means that an average presence location has a habitat suitability 
of e
3
 = 20.1 times higher than an average pseudoabsence site. Model overfitting was 
measured by subtracting the training gain from the test gain. If the test gain was 
substantially lower than the training gain then the model did a poor job of predicting the 
suitability of novel locations.  
To test the performance of the models, predicted habitat suitability values were 
extracted at all detection points. The threshold for suitable habitat is unknown so it was 
not possible to assign a cut off value for good vs bad habitat. However, I assumed that a 
high performing model will predict high habitat suitability values at the majority of the 
points where snakes were detected. 
Results 
Radio Telemetry 
 Of the 45 individual snakes detected during the study, 38 were encountered on 
roads (Table 1). Five snakes were encountered in association with transmittered animals 
(Table 1). Only two individuals were caught off of the road and independent of a snake of 
known location (Table 1). There was a strong male sex bias (73%) in detections. Females 
and smaller individuals were not well represented in the telemetry dataset so meaningful 
comparisons of habitat use between sex and size class could not be made (Table 1 & 4). 
Home ranges were calculated for 18 Western Massasaugas (Table 4). Both the 100% 
MCP and 95% KD home ranges were similar, ranging from 5 ha to 105 ha with mean 
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areas of 20.3 ha and 22.2 ha respectively (Table 4). The 50% KD core activity ranges 
were smaller ranging from 0.9 ha to 25.7 ha with a mean area of 4.7 ha (Table 4).  
 Microhabitat observations from all transmittered animals showed that the snake 
most often took cover in grassy areas, with no tree canopy (Tables 5, 6 & 7). However, 
the snakes did use burrows and tree canopy cover roughly a quarter of the time (Tables 6 
& 7). Observations at the home range scale showed that loamy sand prairie Ecological 
Site, areas with Sand Sage vegetation, and areas where there were no limitations to 
burrowing mammals and reptiles were used disproportionately more than they were 
available which is indicative of preference (Table 8). The snakes avoided the gravelly 
Ecological Site (Table 8).  
Habitat Suitability Modeling 
 The road detections only habitat suitability model (RHSM), all detections habitat 
suitability model (AHSM), and the brumation site habitat suitability model (BHSM) had 
AUC values of 0.908, 0.886, and 0.883 respectively, indicating they had strong predictive 
power (Phillips et al., 2006; Figures 2, 3 & 4). However, the final models did not all use 
the same environmental variables (Table 9). The test gains of shared variables showed 
that the effect of each variable on model creation varied between models (Figures 5, 6 & 
7). Vegetation and Ecological Site contributed the most to both the RHSM and the 
AHSM (Figure 5 & 6) Burrowing mammal and reptile suitability contributed the most for 
the BHSM (Figure 8: Table 10). Areas with “Not limited” burrowing suitability were 
most important in the AHSM and areas with “Somewhat limited” burrowing suitability 
were most important in the BHSM (Figures 8 & 9; Table 10).  
 Areas of flat to low slope were identified as the most suitable habitat by all three 
models (Figure 10, 11 & 12). Loamy sand prairie and sandy loam Ecological Sites were 
identified as being the most suitable by both the RHSM and AHSM (Figures 13 & 14; 
Table 11). Roads were rated as a highly predictive vegetation type in both the RHSM and 
AHSM, however this is a spurious artifact of sampling near roads. (Figures 6 & 14; Table 
14). The only other suitable vegetation type identified by the RHSM was mesquite 
(Figure 15, Table 12). Other vegetation types identified as most suitable by the AHSM 
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were mesquite juniper, mesquite, Sand Sage, and shinnery oak mesquite (Figure 16, 
Table 12).  
Model Evaluation 
 None of the models showed signs of serious overfitting (Table 13). Models were 
evaluated under the assumption that high performing models would more frequently 
assign high habitat suitability values to snake detection locations than low performing 
models. Habitat suitability values predicted by the RHSM were strongly bimodally 
distributed with half of all snake detections being assigned high suitability values and 
half low suitability values (Figure 17). The RHSM predicted low habitat suitability 
values at the majority of brumation sites (Figure 18). The AHSM predicted high habitat 
suitability values at the majority of snake detections (Figure 19). Habitat suitability 
values predicted by the AHSM and BHSM were weakly bimodally distributed with half 
of brumation sites being assigned high suitability (Figures 20 & 21)  
Discussion 
 Using different datasets to develop HSMs can result in very different models that 
may not represent habitat use accurately. Datasets collected from species with strong 
detection biases towards certain habitats or times of year, are susceptible to 
misrepresenting of overall habitat use when incorporated into a model. In this study the 
capture data from Western Massasaugas in areas of high detection probability was not 
representative of the full spectrum of habitat use which caused the RHSM to predict low 
habitat suitability at more than half of the locations used by the snakes. The AHSM 
produced a model that was reflective of the full spectrum of habitat use because radio 
telemetry allowed for observations in areas where the snakes would otherwise be 
undetectable. The BHSM identified that suitable habitat in the winter was defined by 
soils with “somewhat limited” burrowing suitability.  
The primary objective of this study was to evaluate the ability of MaxEnt habitat 
suitability models to identify Western Massasauga habitat at the local scale using data 
collected from areas of high detection probability. The RHSM performed poorly because 
the points where the snakes were captured on the road were not representative of their 
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overall habitat use. The RHSM only identified half of the locations where snakes were 
known to occur, as highly suitable habitat. The predictive abilities of the model were 
limited because mesquite was overrepresented where we sampled on the road. The 
snakes’ home ranges extended away from the road and encompassed many habitat types. 
Radio tracking showed that snakes were relatively sedentary, but at times moved long 
distances. Detections during road crossings are likely to be “snapshots” of this ranging 
behavior. Therefore, I believe it is more informative to base a model off of the habitat an 
animal selects than the habitat which it passes through on its way there. A model with 
much larger cell size may reduce some of the effects of detection bias because each cell 
would be a more general representation of the area. However, a model developed with 
larger cells would not be able to make as precise predictions of fine scale of habitat 
suitability.  
The AHSM, which was hypothesized to reduce the effects of detection biases by 
including radio telemetry detection data, was the best performing model and was useful 
in describing suitable habitat for Western Massasaugas at MWMA. The Ecological Site 
types, loamy sand prairie and sandy loam, were the most important predictors of high 
habitat suitability. These upland sites had well-drained soils, supported mixed grass 
prairies, and had level to moderately sloping terrain. The gravelly Ecological Site was 
avoided. Use of sandy soils and avoidance of rocky areas by Desert Massasaugas has 
been observed in New Mexico (Degenhardt, Painter, & Price, 1996). The slope layer 
further predicted that the snakes found areas with less than a 10% slope most suitable. 
This is consistent with observations of Massasauga occurrence across the rolling plains of 
Texas (Werler & Dixon, 2000). Vegetation was the second most predictive variable. The 
snakes were most often found in mesquite savannah habitat, however this may be because 
it the most common habitat within their home ranges. The snakes disproportionately 
dwelled in mixed grass Sand Sage prairies. The snakes primarily used the grassy areas 
within the mesquite savannah and the vegetation in these areas was very similar to that of 
the Sand Sage prairies. Areas with shinnery oak and juniper have been described as 
suitable habitat for Desert and Western Massasaugas (Degenhardt et al., 1996; Werler & 
Dixon, 2000); however, the snakes in the current study generally passed through or 
avoided these areas. Areas with good burrowing suitability for mammals and reptiles 
were preferred during the active season but areas with somewhat limited burrowing 
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suitability were used for brumation. Use of mesquite and burrows was highest during the 
summer which may be because these types of cover provided a cooler more humid 
microclimate compared to the surrounding grass (Ernst & Ernst, 2003). Overall the most 
suitable habitat for Western Massasaugas during the active season was rolling, mixed 
grass, loamy sand prairies interspersed with Sand Sage and mesquite, with high soil 
suitability for burrowing mammals and reptiles. This habitat mirrors that of Desert 
Massasaugas in southeast Colorado (Mackessy, 2007).  
The Western Massasaugas in the study brumated in rodent burrows in a variety of 
habitat types including treeless Sand Sage prairies, mesquite savannahs, hilly areas with 
juniper, and dry riverbeds with riparian trees. The only unifying characteristics between 
these diverse sites were that they had somewhat limited burrowing suitability and little to 
no slope. The use of rodent burrows is accordant with observations of massasaugas 
overwintering in other arid regions (Ernst & Ernst, 2003). Desert Massasaugas in 
Colorado migrate from their mixed grass sandy prairie summer habitats to areas with 
short grass and clay compacted soils in the winter presumably because burrows in these 
soils provide more adequate insulative and structural properties for brumation (Mackessy, 
2007).  Additionally, Western Massasaugas in Nebraska and Missouri have been shown 
to select distinct habitat for brumation, however they migrate to areas with saturated soils 
because they utilize crayfish burrows for brumation (Patten et al., 2016b; Seigel, 1986). 
Soils with somewhat “limited burrowing” burrowing suitability may have insulative, 
structural, or water draining/retaining qualities what make them better for brumation. It is 
likely that preferred soils for brumation are driving the pattern of seasonal variation in 
habitat selection at MWMA, but further analysis is necessary to determine which specific 
soil characteristic are most important for brumating. Despite these differences, The 
AHSM and BHSM did a comparable job assigning high suitability values to the locations 
of brumation sites. The RHSM performed poorly in this regard which once again 
indicates that road detections are not representative of overall habitat use.  
Radio tracking observations also allowed for better interpretation of the model 
results. Some vegetation types and Ecological Sites rated as highly suitable were only 
used as snakes passed from one area to another, such as mesquite/juniper vegetation and 
the gravelly Ecological Site. The relative rarity of these habitat types in the study area 
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may have up-weighted their importance in the model. Ongoing habitat management at 
MWMA, meant that the vegetation was not reflective of the current vegetation in some 
areas. Many snakes occurred in areas labeled as mesquite that has since been restored to 
Sand Sage. The areas labeled as flat agriculture had become overgrown with mesquite by 
the time of the study. This led to the model assigning an artificially high suitability to 
some areas that lack enough cover to be hospitable to Western Massasaugas. Aside from 
the structures, the residential and human altered areas were not distinguishable from the 
surrounding vegetation making this category uninformative.   
Conclusions and Recommendations 
For secretive species, I would not recommend using MaxEnt to create local scale 
habitat suitability models with only data from areas of high detection probability. In this 
study, the RHSM performed poorly because it failed to identify more than half of the 
locations where Western Massasaugas were known to occur, as suitable habitat. In 
addition to missing high suitability habitat, judgments based on these models could result 
in identifying a less suitable habitat type as being the most suitable. Reliance on these 
models could lead to ineffective, potentially negative conservation management 
decisions. In the RHSM mesquite was listed as the most suitable vegetation type despite 
the snakes’ disproportionately high use of Sand Sage. If management actions were made 
based off the information presented in the RHSM, mesquite cover may be increased at 
the expense of Sand Sage, which may have a negative outcome for this species. However, 
when developed using a more representative data set, MaxEnt can be useful for 
identifying trends in habitat use and areas of high habitat suitability beyond the study site. 
The integration of radio telemetry observations and the AHSM, determined that the most 
suitable habitats for Western Massasaugas in the western rolling plains of Texas are areas 
with level uplands, well-drained loamy sandy soils, with mixed grass/Sand Sage prairies 
and mesquite savannahs. Such information can guide future efforts to protect this species 
in Texas. 
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Appendix A 
 
Figure 1. Map of Matador Wildlife Management Area, Cottle County, Texas. 
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Table 1. Snake ID, sex, snout to vent length (SVL), date and time of capture, capture 
location coordinates (UTM zone 14N) and location type for Western Massasaugas 
(Sistrurus t. tergeminus) during 2015 at Matador Wildlife Management Area, Texas. 
 
ID Sex SVL Date Time Latitude Longitude Location Type 
9 M 600 1-Apr-15 - 34.1117 -100.367 Road 
10 M 405 4-Apr-15 - 34.11797 -100.352 Road 
11 F 360 25-Apr-15 19:22 34.1499 -100.364 Road 
12 M 600 25-Apr-15 - 34.12372 -100.348 Road 
13 M 540 25-Apr-15 - 34.12372 -100.348 Road 
14 M 410 25-Apr-16 9:30 34.11665 -100.357 Road 
15 M 485 24-Apr-15 19:52 34.10808 -100.39 Road 
16 M 560 3-May-15 10:38 34.11802 -100.35 Road 
17 M 550 2-May-15 20:18 34.1117 -100.367 Pasture 
18 M 370 3-May-15 10:30 34.12673 -100.351 Road 
19 M 481 1-May-15 0:55 34.1117 -100.367 Road 
20 F 515 4-May-15 11:15 34.11117 -100.368 Road 
21 F 310 4-May-15 20:18 34.11122 -100.367 Road 
22 M - 7-May-15 11:39 34.12352 -100.348 Road 
23 F 315 12-May-15 17:05 34.1115 -100.367 Road 
24 M 455 18-May-15 21:05 34.11818 -100.334 Road 
25 M 538 19-May-15 22:41 34.13853 -100.359 Road 
26 M 540 26-May-15 17:18 34.10907 -100.372 Road 
27 F 470 25-May-15 17:50 34.11172 -100.367 Road 
28 M 550 27-May-15 18:05 34.11993 -100.345 
Pasture (in combat with 
transmittered snake) 
29 M 390 27-May-15 22:45 34.11225 -100.365 Road 
30 M 360 4-Jun-15 18:43 34.11198 -100.366 Road 
31 M 450 4-Jun-15 18:53 34.10987 -100.371 Road 
32 F 375 4-Jun-15 19:00 34.10615 -100.387 Road 
33 F 502 1-Jun-15 18:01 34.10657 -100.388 Road 
35 M 506 7-Jul-15 10:26 34.10638 -100.388 
Pasture (mating with transmittered 
snake) 
36 M 530 10-Jun-15 22:36 34.12705 -100.351 Road 
37 M 369 18-Jun-15 23:31 34.11657 -100.357 Road 
38 M 471 24-Jun-15 22:00 34.11798 -100.348 Road 
39 M 573 3-Jul-15 0.425 34.10725 -100.389 Road 
40 F 515 10-Jul-15 18:27 34.10615 -100.38 Road 
41 M 379 16-Jul-15 20:17 34.11415 -100.359 Road 
42 M 481 20-Jul-15 19:50 34.10662 -100.374 Road 
43 M 543 30-Aug-15 20:50 34.11197 -100.366 Road 
44 M 520 9-Sep-15 22:45 34.13932 -100.36 Road 
45 M 574 21-Sep-15 18:35 34.1242 -100.346 Road 
46 M 530 21-Sep-15 19:01 34.12453 -100.349 Road 
47 F 557 24-Sep-15 10:44 34.12613 -100.347 Pasture 
48 M 550 - - 34.12225 -100.347 Road 
49 M 590 29-Oct-15 12:45 34.11352 -100.37 Road 
50 F 640 3-Nov-15 17:43 34.1216 -100.358 Road 
51 M 315 18-Nov-15 12:40 34.12987 -100.353 Road 
52 - 245 1-Dec-15 13:00 34.11352 -100.114 Pasture (near transmittered snake) 
53 F 340 1-Dec-15 13:10 34.11352 -100.114 Pasture (near transmittered snake) 
54 M 495 1-Dec-15 15:00 34.10238 -100.367 Pasture (near transmittered snake) 
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Table 2. Snake ID, original radio transmitter implantation date, original transmitter model and mass, replacement radio transmitter 
implantation data and model and mass, and notes on the fate of the snake for Western Massasaugas (Sistrurus t. tergeminus) during 
2015 at Matador Wildlife Management Area, Texas. All surgeries after 28-Jun-15 were conducted with autoclaved tools and snakes 
were intubated and ventilated with vaporized isoflurane and O2 gas. The brumation site was defined as the snake's location on 14-Dec-
15.  
 
Snake 
ID/Sex 
Transmitter 
Implant Date 
Transmitter 
Model/Mass (g) 
Replacement 
Implant Date 
Transmitter 
Model/Mass (g) 
Notes 
9/M 2-May ATS R1515 (L) / 8.5 26-Aug ATS R1515 (S) / 8.5 Reached overwintering site 
10/M 2-May ATS R1680(S) / 4.0 - - 
Died from complications due to subcutaneous transmitter 
implantation. 
12/M 2-May ATS R1515 (L) / 8.5 8-Aug ATS R1515 (S) / 8.5 Reached overwintering site 
13/M 3-May ATS R1515 (L) / 8.5 7-Aug ATS R1515 (S) / 8.5 Reached overwintering site 
16/M 3-May ATS R1515 (L) / 8.5 13-Aug ATS R1515 (S) / 8.5 Reached overwintering site 
17/M 12-May ATS R1515 (L) / 8.5 2-Oct ATS R1515 (S) / 8.5 Lost contact 
20/F 5-May ATS R1680 (L) / 3.9 - - 
Lost contact immediately after release but was relocated 1-Nov-
2015 
22/M 12-May ATS R1515 (L) / 8.5 - - Died after two weeks in the field 
24/M 27-May ATS R1680 (L) / 3.9 - - Died/depredated, transmitter still in burrow. 
25/M 20-May ATS R1680 (L) / 3.9 2-Oct ATS R1515 (L) / 8.5 Lost contact 
26/M 26-May ATS R1680(S) / 4.0 - - Died due to complications with anesthesia 
27/F 28-May ATS R1680(S) / 4.0 - - Reached overwintering site 
28/M 29-May ATS R1680(S) / 4.0 - - Lost contact 
33/F 5-Jun ATS R1515 (L) / 8.5 - - 
Mated one day after release and then was found dead at next 
detection 
35/M 24-Jun ATS R1680(S) / 4.0 - - Reached overwintering site 
36/M 12-Jun ATS R1515 (L) / 8.5 30-Sep Holohil BD-2 / 1.85 Last detection (11/16). Lost contact due to transmitter malfunction. 
38/M 2-Jul ATS R1680(S) / 4.0 - - Transmitter removed due to complications. 
39/M 22-Sep ATS R1515 (L) / 8.5 - - Reached overwintering site 
40/F 28-Sep Holohil BD-2 / 1.85 - - Lost contact 
42/M 24-Jul ATS R1680(S) / 4.0 - - Reached overwintering site 
43/M 23-Sep Holohil BD-2 / 1.85 - - Lost contact 
44/M 24-Sep ATS R1515 (S) / 8.5 - - Reached overwintering site 
45/M 24-Sep ATS R1515 (S) / 8.5 - - Reached overwintering site 
46/M 28-Sep Holohil BD-2 / 1.85 - - Lost contact 
47/F 1-Oct Holohil BD-2 / 1.85 - - Reached overwintering site 
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Table 3. Source of environmental variable layers used in habitat suitability modeling. 
 
Environmental Variable Source 
Aspect6: Aspect USGS 
Slope6: Slope USGS 
Burmamrep6: Burrowing Mammal and Reptile Suitability NRCS 
Ecositename6: Ecological Site NRCS 
Hydric6: Hydric Soils NRCS 
Hydrology6: Hydrology MWMA 
Veg6: Vegetation MWMA 
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Table 4. Snake ID, sex, 100% minimum convex polygon (MCP), 95% kernel density 
(KD) activity range, 50% KD core activity range, number of tracking days, and number 
of radio telemetry detections of Western Massasaugas (Sistrurus t. tergeminus) during 
2015 at Matador Wildlife Management Area, Texas. 
 
Snake ID/Sex MCP (ha) 
95% KD 
(ha) 
50% KD 
(ha) 
Tracking 
Detections 
Tracking 
Days 
Last 
Detection 
9/M 5.3 5.5 0.9 126 226 14-Dec 
12/M 25.2 25.5 6.1 126 226 14-Dec 
13/M 39.1 42.7 9 127 225 14-Dec 
16/M 19 15 2.6 132 225 14-Dec 
17/M 37.2 36.7 8 93 170 31-Oct 
20/F 5.8 6.1 0.6 17 223 14-Dec 
24/M 9.2 9.2 1.2 71 119 22-Sep 
25/M 101 105.2 25.7 101 184 20-Nov 
27/F 3.7 3.1 0.5 96 198 14-Dec 
28/M 14 9 1.8 85 142 15-Oct 
35/M 23 12.3 1.2 89 163 14-Dec 
36/M 13 12 2.5 83 154 16-Nov 
39/M 0.7 1.2 0.2 27 79 14-Dec 
42/M 49 54 8.1 55 130 14-Dec 
43/M 4 9 2.1 19 41 6-Nov 
44/M 0.9 1.3 0.2 29 79 14-Dec 
45/M 9.3 41.1 11.1 32 79 14-Dec 
47/F 6 9.3 2.1 24 71 14-Dec 
10/M - - - 13 14 17-May 
22/M - - - 8 8 20-May 
33/F - - - 2 4 9-Jun 
40/F - - - 9 19 18-Oct 
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Table 5. Number and percentage of radio telemetry detections of Western Massasaugas 
(Sistrurus t. tergeminus) in different vegetation types. 
 
Vegetation Type # Detections % Detections 
Grass 808 59.5 
Mixed Grass and Forbs 283 20.8 
Forbs 149 11.0 
Sand Sage (Artemisia filifolia) 37 2.7 
Yucca (Yucca sp.) 26 1.9 
Cacti (Opuntia sp.) 17 1.3 
None 7 0.5 
Shinnery Oak (Quercus havardii) 5 0.4 
Other 4 0.3 
Unknown 22 1.6 
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Table 6. Number and percentage of radio telemetry detections of Western Massasaugas 
(Sistrurus t. tergeminus) under different tree canopy types. 
 
Tree Canopy Type # Detections % Detections 
No Tree Canopy 904 68.4 
Mesquite 355 26.9 
Other 39 3.0 
Willow 10 0.8 
Unknown 16 1.2 
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Table 7. Number and percentage of radio telemetry detections of Western Massasaugas 
(Sistrurus t. tergeminus) using different cover types. 
 
Cover Type # Detections % Detections 
Vegetation 937 68.9 
Burrow 367 27.0 
Logs 27 2.0 
None 7 0.5 
Unknown 21 1.5 
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Table 8. Habitat preference of Western Massasaugas (Sistrurus t. tergeminus) inferred by the proportion available (area of habitat type 
within the 100% MCP) minus the relative use (number of detections within that environment). Positive values indicate preference, 
negative values indicate avoidance.  
Environmental Variable Proportion Available Proportion of Detections Relative Use - Availability 
Ecological Site 
Loamy Sand Prairie 0.71 0.84 0.14 
Gravelly 0.19 0.03 -0.16 
Sandy Loam 0.07 0.12 0.06 
Loamy Bottomland 0.04 0.00 -0.04 
Vegetation 
Mesquite 0.58 0.52 -0.06 
Sandsage 0.20 0.38 0.17 
Mesquite/Juniper 0.11 0.05 -0.05 
Shinnery Oak/Mesquite 0.03 0.01 -0.03 
Upland Trees 0.03 0.00 -0.03 
Flat Agriculture 0.02 0.03 0.01 
Shinnery Oak/Sand Sage 0.01 0.01 0.00 
Residential/Human Altered 0.01 0.00 -0.01 
Riparian Grasses and Shrubs 0.01 0.00 0.00 
Burrowing Mammal and 
Reptile  Suitability 
Not Limited 0.27 0.41 0.14 
Somewhat Limited 0.73 0.59 -0.14 
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Figure 2. Road detections only habitat suitability model (RHSM) for the Western 
Massasauga (Sistrurus t. tergeminus); AUC = 0.937. 
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Figure 3. All detections habitat suitability model (AHSM) for the Western Massasauga 
(Sistrurus t. tergeminus). White squares represent training data (1136 detections), and 
purple squares represent test data (284 detections); AUC = 0.886. 
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Figure 4. Brumation site habitat suitability model (BHSM) for the Western Massasauga 
(Sistrurus t. tergeminus); AUC = 0.883. 
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Table 9. Environmental variable layers used in each habitat suitability model. 
Environmental Variable 
Model 
RHSM AHSM BHSM 
Aspect6: Aspect 
 
X 
 Slope6: Slope X X X 
Burmamrep6: Burrowing Mammal and Reptile Suitability 
 
X X 
Ecositename6: Ecological Site Type X X 
 Hydric6: Hydric Soils X 
  Hydrology6: Hydrology 
 
X 
 Veg6: Vegetation X X   
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Figure 5. Test gains of each environmental variable in the RHSM for the Western 
Massasauga (Sistrurus t. tergeminus). 
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Figure 6. Test gains of each environmental variable in the AHSM for the Western 
Massasauga (Sistrurus t. tergeminus). 
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Figure 7. Test gains of each environmental variable in the BHSM for the Western 
Massasauga (Sistrurus t. tergeminus). 
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Figure 8. Mean response curve with 5 replicate MaxEnt runs (red) of environmental 
variable: burrowing mammal and reptile suitability in the BHSM for the Western 
Massasauga (Sistrurus t. tergeminus). Blue area represent +/- one standard deviation. X-
axis corresponds to unique values found in Table 10. 
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Table 10. Burrowing mammal and reptile suitability classifications with corresponding 
MaxEnt ID value shown in response curves produced by three habitat suitability models 
for the Western Massasauga (Sistrurus t. tergeminus). 
 
MaxEnt ID 
Suitability Score 
Burrowing Suitability 
RHSM AHSM BHSM 
1 - 0.685 0.200 Not limited 
2 - 0.635 0.593 Somewhat limited 
3 - 0.635 0.200 Very limited 
4 - - 0.200 Not rated 
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Figure 9. Response curve for MaxEnt run of environmental variable: burrowing mammal 
and reptile suitability in the AHSM for the Western Massasauga (Sistrurus t. tergeminus). 
X-axis corresponds to unique values found in Table 10. 
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Figure 10. Mean response curve with 9 replicate MaxEnt runs (red) of environmental 
variable: slope (angle of ground surface) in the RHSM for the Western Massasauga 
(Sistrurus t. tergeminus). Blue area represent +/- one standard deviation. 
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Figure 11. Response curve for MaxEnt run of environmental variable: slope in the AHSM 
for the Western Massasauga (Sistrurus t. tergeminus). 
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Figure 12. Mean response curve with 5 replicate MaxEnt runs (red) of environmental 
variable: slope (angle of ground surface) in the BHSM for the Western Massasauga 
(Sistrurus t. tergeminus). Blue area represent +/- one standard deviation. 
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Figure 13. Mean response curve with 9 replicate MaxEnt runs (red) of environmental 
variable: Ecological Site (Each Ecological Site is the unique result of the interaction 
between soil, hydrologic and vegetative characteristics) in the RHSM for the Western 
Massasauga (Sistrurus t. tergeminus). Blue area represent +/- one standard deviation. X-
axis corresponds to unique values found in Table 11. 
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Figure 14. Response curve for MaxEnt run of environmental variable: Ecological Site 
(Ecological Sites are the unique result of the interaction between soil, hydrologic and 
vegetative characteristics) in the AHSM for the Western Massasauga (Sistrurus t. 
tergeminus). X-axis corresponds to unique values found in Table 11. 
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Table 11. Ecological Site classifications with corresponding MaxEnt ID value shown in 
response curves produced by three habitat suitability models for the Western Massasauga 
(Sistrurus t. tergeminus).  
 
MaxEnt ID 
Suitability Score 
Ecological Site Type 
RHSM AHSM BHSM 
1 0.204 0.021 - Loamy Bottomland 19-26 PZ 
2 0.204 0.021 - Loamy Prairie 19-26 PZ 
3 0.322 0.285 - Sandy Loam 19-26 PZ 
4 0.652 0.635 - Loamy Sand Prairie 19-26 PZ 
5 0.204 0.021 - Sandy Bottomland 19-26 PZ 
6 0.204 0.021 - Sandy 19-26 PZ 
7 0.204 0.021 - Rough Breaks 19-26 PZ 
8 0.204 0.248 - Gravelly 20-24 PZ 
9 0.204 0.021 - Loamy Prairie 
10 0.204 0.021 - Sand Hills 16-24 PZ 
11 0.204 0.021 - Clay Loam 19-26 PZ 
12 - 0.021 - Sandy Bottomland  23-30 PZ 
13 0.204 - - Gyp 19-26 PZ 
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Figure 15. Mean response curve with 9 replicate MaxEnt runs (red) of environmental 
variable: vegetation in the RHSM for the Western Massasauga (Sistrurus t. tergeminus). 
Blue area represent +/- one standard deviation. X-axis corresponds to unique values 
found in Table 12. 
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Figure 16. Response curve for MaxEnt run of environmental variable: vegetation in the 
AHSM for the Western Massasauga (Sistrurus t. tergeminus). X-axis corresponds to 
unique values found in Table 12. 
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Table 12. Vegetation classifications with corresponding MaxEnt ID value shown in 
response curves produced by three habitat suitability models for the Western Massasauga 
(Sistrurus t. tergeminus). 
  
MaxEnt ID 
Suitability Score 
Vegetation Classification 
RHSM AHSM BHSM 
1 0.188 0.204 - Flat Agriculture 
2 0.188 0.134 - Juniper 
3 0.188 0.134 - Water 
4 0.188 0.532 - Mesquite/Juniper 
5 0.188 0.134 - Terraced Agriculture 
6 0.954 0.600 - Blacktop or County Maintained Dirt 
7 0.188 0.134 - Grassy Canyon Bottom 
8 0.652 0.635 - Mesquite 
9 0.188 0.184 - Riparian Grasses and Shrubs (LD) 
10 0.188 0.134 - Riparian Shrubs (HD) 
11 0.188 0.134 - Riparian Trees (HD) 
12 0.188 0.211 - Upland Trees (HD) 
13 0.188 0.134 - Food Plot 
14 0.188 0.134 - Riparian Shrubs (MD) 
15 0.188 0.519 - Sand Sage 
16 0.188 0.134 - Riparian Grasses 
17 0.188 0.134 - Cattle Pens 
18 0.188 0.134 - Mesquite/Hackberry 
19 0.188 0.136 - Shinnery Oak/Sand Sage 
20 0.188 0.134 - Upland Grasses 
21 0.188 0.311 - Shinnery Oak/Mesquite 
22 0.188 0.218 - Residential/Human Altered 
23 0.188 0.152 - Shelterbelt 
24 0.188 0.134 - Grasses with Low Density Brush 
25 0.188 0.027 - High Density Sand Sage 
26 0.188 0.134 - Railroad Bed 
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Habitat Suitability Model Evaluation 
Table 13. Model overfit as measured by the difference between test gain and training 
gain.  
 
Model Test Gain Regularized Training Gain Test Gain - Training Gain 
RHSM 1.5854 1.5012 0.0842 
AHSM 1.3274 1.1913 0.1361 
BHSM 0.9438 0.7524 0.1914 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
Figure 17. Habitat suitability values predicted by RHSM at all points where Western 
Massasaugas (Sistrurus t. tergeminus) were detected during the study. 
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Figure 18. Habitat suitability values predicted by RHSM at all points where Western 
Massasaugas (Sistrurus t. tergeminus) brumated during the study. 
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Figure 19. Habitat suitability values predicted by AHSM at all points where Western 
Massasaugas (Sistrurus t. tergeminus) were detected during the study. 
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Figure 20. Habitat suitability values predicted by AHSM at all points where Western 
Massasaugas (Sistrurus t. tergeminus) brumated during the study. 
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Figure 21. Habitat suitability values predicted by BHSM at all points where Western 
Massasaugas (Sistrurus t. tergeminus) brumated during the study. 
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Figure 22. Response curve for MaxEnt run of environmental variable: aspect in the 
AHSM for the Western Massasauga (Sistrurus t. tergeminus). 
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Figure 23. Mean response curve with 9 replicate MaxEnt runs (red) of environmental 
variable: hydric soils in the RHSM for the Western Massasauga (Sistrurus t. tergeminus). 
Blue area represent +/- one standard deviation. X-axis corresponds to unique values 
found in Table 14. 
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Table 14. Hydric soil classifications with corresponding MaxEnt ID value shown in 
response curves produced by three habitat suitability models for the Western Massasauga 
(Sistrurus t. tergeminus).  
 
MaxEnt ID 
Suitability Score 
Soil Classification 
RHSM AHSM BHSM 
0 0.652 - - Non-Hydric 
1 0.753 - - Hydric 
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Figure 24. Response curve for MaxEnt run of environmental variable: hydrology in the 
AHSM for the Western Massasauga (Sistrurus t. tergeminus). X-axis corresponds to 
unique values found in Table 15. 
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Table 15. Hydrology classifications with corresponding MaxEnt ID value shown in 
response curves produced by three habitat suitability models for the Western Massasauga 
(Sistrurus t. tergeminus).  
MaxEnt ID 
Suitability Score 
Hydrologic Classification 
RHSM AHSM BHSM 
1 - 0.635 - Upland 
2 - 0.635 - Primary Riparian 
3 - 0.922 - Secondary Riparian 
 
